A supernova event in our own galaxy will result in a large number of neutrinos detected on Earth within the time-frame of a few seconds. These neutrinos will have been produced thermally with, in principle, three distinct temperatures for the electron, anti-electron and remaining heavy flavours respectively. We revisit the possibility that new MeV-mass particles χ are also produced thermally during the event, which scatter with the neutrinos and alter their temperatures. Our main emphasis is on the detectability of this effect using the neutrino spectrum, given the large uncertainty on the temperature and density profiles of the stellar matter. By marginalising over the parameters of a simple analytic model for the stellar profile, we find that Super Kamiokande could place an upper limit on the scattering cross section at the level of σχν ∼ 10 −40 · (T /MeV) 2 cm 2 for 10 MeV mass χ particles at 90% confidence. A direct-detection-like experiment would be less susceptible to systematic uncertainties in the neutrino production and mixing, but this would need a target mass around 100 tonnes in order to acquire enough statistics to compete with Super Kamiokande.
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I. INTRODUCTION
A supernova (SN) event in our own galaxy will lead to a large flux of neutrinos arriving at the Earth within the space of a few seconds. The only such event detected so far has been Supernova 1987a [1] [2] [3] , at a time when neutrino detectors were considerably smaller and less advanced than they are today. Hence the detection of another such event, which should occur within the near future [4] , will result in a great deal of new information regarding both supernovae and neutrinos [2, 3, [5] [6] [7] [8] [9] .
The majority of these neutrinos are produced thermally during the supernova event, where temperatures can reach around 10 MeV [2, 5, 6] , and carry away most of the released energy. They are emitted with a distribution with is approximately of the Fermi-Dirac form, with a temperature which differs for the neutrino flavours. Broadly the electron neutrinos should have the lowest temperature as they scatter the most in the star and so decouple at the largest radius. By contrast electron anti-neutrinos scatter less with the stellar matter and so are emitted at a higher temperature, and the remaining heavy flavours have a higher temperature still.
Various authors have demonstrated that, in addition to neutrinos, other more exotic particles could be produced thermally during the supernova event [5, 10, 11] . These particles χ are 'dark' in the sense that they interact only weakly with visible matter and so are difficult to detect, except perhaps in extreme environments such as a hot post-supernova star. Indeed if such particles interact with neutrinos through scattering or annihilation they will alter the various temperatures of the neutrino spectrum [10] , which could result in observable effects on Earth. However the exact temperatures are not well known and depend upon assumptions related to the structure of the star during thermal production, specifically the dependence of density and temperature with radius [2, 5, 6, 12] .
In this work we seek to understand how the scattering with neutrinos of additional thermally-produced MeVmass particles will alter the neutrino temperatures, given the potentially large uncertainties in the modelling of the star during the supernova event. Using this information we quantify to what extent current and future experiments can exploit measurements of the neutrino temperatures to constrain the existence of such particles. We focus specifically on the difference between the temperatures of the neutrino flavours, since dark sector scattering with neutrinos drives the temperatures of the different flavours towards a single value. This is important since, as shown in figure 1 , a spectrum which is the sum of two (or more) different temperatures is clearly distinct from one which is made up of only one temperature.
In section II we outline how the temperatures of the neutrino species are calculated and in section III we describe how these are modified in the presence of new states χ. In section IV we give the formulae for the neutrino flux spectrum at Earth from a galactic supernova and how this is converted to the spectrum in a detector. We use these formulae in section V to set projected upper limits on the scattering between χ and neutrinos using a Bayesian analysis and compare these to other constraints in section VI. We conclude in section VII.
II. THERMAL PRODUCTION OF NEUTRINOS AND THE NEUTRINO TEMPERATURE
In this section we outline how the different neutrino temperatures T and number densities n are calculated using the diffusion equation, followed in section III where we describe how these are affected by scattering with a 
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Discriminating spectra with different temperatures using a 10 kilo-tonne detector Both new 'dark' particle χ. Our approach is approximate, and we do not claim accuracy on par with numerical simulations of the supernova event [6, [12] [13] [14] [15] , however it is sufficient for our purpose of understanding how sensitive the different neutrino temperatures are to modelling uncertainties in the star during thermal production. The diffusion equation takes the form [5] ,
where r is the radial distance from the centre of the star, a prime denotes an r-derivative, D is the diffusion coefficient, σv is the self-annihilation cross section for the particle, n eq is the number density of the particle when it is in thermal equilibrium with the stellar matter, γ is the Lorentz factor and τ is the lifetime of the particle. The value of r where n departs from its equilibrium value i.e. where n−n eq ∼ n eq is called the neutrinosphere radius (in the case of neutrinos at least). This is effectively the radius where the neutrinos can be said to have decoupled from the stellar matter. Likewise the corresponding temperature T of the star at this radius is the neutrinosphere temperature. The neutrinosphere temperature determines the observed neutrino temperature on Earth from the supernova. This can be approximated by reducing equation (1) to the following expression [5] ,
and solving for T , where we assume that n eq is,
where m is the mass of the particle (e.g. a neutrino or dark particle χ).
We approximate the radial dependence of the baryon density and temperature of the star after the supernova event using a simple empirical model, whose parameters we can vary easily to understand the effect of their uncertainty on the different neutrino flavour temperatures. As such we assume the following power-law forms for the baryon density n B and the baryon temperature T ,
where n 0 , r 0 , T 0 , q and k are in principle all free parameters. Some particular models take for example: k = 5, q = 5/3, T 0 = 5 MeV, r 0 = 30 km and n 0 = 5.97 · 10 35 cm −3 [5] (Model A) or k = 10, q = 2.5, T 0 = 31.66 MeV, r 0 = 10 km and n 0 = 1.21·10 38 cm −3 [6] (Model B). For our projected limits we will treat these variables as nuisance parameters, since the exact form of the profile is not known and can vary significantly.
The value of the neutrinosphere temperature is fixed by the scattering cross section between neutrinos and the other particles of the star, particularly baryons, and the self-annihilation cross section of the neutrinos. The former effect arises through the diffusion coefficient, which if we assume dominant scattering from baryons equals D = v/(3 i f np,i n B σ B,i ) [5, 10] , where v is the velocity of the neutrinos, σ B,i is the scattering cross section with baryons through the channel labelled by i (e.g. neutralcurrent) and f np,i is a factor relating to the relative abundance of neutrons and protons.
Electron neutrinos scatter the most frequently and so have the smallest value of D due to their interaction with neutrons via the charged current interaction as well as the sub-dominant neutral current channel. Electron antineutrinos by contrast scatter with protons via charged current interactions instead, whose density is several orders of magnitude smaller than neutrons in the star, resulting in a larger value of D. The remaining 'heavy' flavours have the largest D and so the largest neutrinosphere temperature as they dominantly scatter with neutrons and protons via neutral current interactions, whose cross section is smaller than that for chargedcurrent scattering. This all holds to first order, however effects from more detailed modelling of the supernova can alter this simple picture [6, [12] [13] [14] [15] .
III. MODIFICATION OF THE NEUTRINO TEMPERATURES FROM SCATTERING WITH χ
We now consider the possibility that an additional species of particle χ, which interacts only weakly with the visible sector, is produced thermally in the supernova and scatters with neutrinos, thereby contributing to the diffusion coefficient D. Under the assumption that such new interactions are flavour-blind the diffusion coefficient becomes,
where n χ is the number density of the new species χ and σ χν is its scattering cross section with neutrinos. Importantly if n χ σ χν i f np,i n B σ B,i then the value of D will be dominated by the flavour-blind scattering with the dark sector χ, and so we might expect the neutrino temperatures to approach a single value regardless of flavour.
The exact temperature dependence of σ χν depends on how the χ particles interact with neutrinos. For example following refs. [16, 17] if one assumes either scalar χ interacting with neutrinos via the exchange of a new fermion, or fermionic χ interacting with neutrinos via a new gauge boson, then σ χν ∼ T 2 is a reasonable assumption provided that the masses of χ and the exchange particle are not degenerate. For the former case of scalar χ we envisage a term in the Lagrangian of form
where F is a heavy right-handed fermion which mediates the interaction between χ and neutrinos. This then leads to a thermally averaged scattering cross section of form
Such an interaction term could also result in the generation of a mass term for the neutrinos in analogue to the see-saw mechanism (see e.g. ref. [17] ). Hence our projected constraints are partly motivated as a method of constraining these neutrino mass models, however they can be interpreted in the context of other models and we have checked our results in the case of alternative assumptions, such as σ χν ∼ T , and find no significant deviation from the conclusions presented here.
Furthermore the form of n χ depends on the interactions of the χ particle with nucleons and electrons as well as neutrinos. In this work we assume that the χ are in thermal equilibrium up to a radius larger than the neutrinosphere for all flavours. This means that χ has either a large annihilation cross section or decay rate and/or interactions with baryons in order to keep the χ coupled to the hot stellar matter. We return to this assumption in section VI. We restrict our analysis to particles with mass m χ 10 MeV to avoid constraints from nucleosynthesis on thermally produced light particles [18] . This also means that the density of χ will be Boltzmann suppressed compared to that for neutrinos, meaning that the latter still dominate the energy transport from the supernova (see section VI for further discussion).
We show in figure 2 the values of the three different neutrino temperatures as a function of σ χν for the two different example empirical models of the star introduced earlier as Model A and Model B. These have been calculated using equation (2) There are two main points to note here: the first is that the values of the neutrino temperatures depend strongly on the choice of empirical model for the star during the supernova event. The second is that when σ χν is large enough the values of the temperatures for each flavour become equal, and that this value of σ χν is more robust to changes in the empirical model of n B (r) and T (r) than the absolute temperatures themselves. Therefore if we are to obtain anything useful from analysing the temperatures of neutrinos from a supernova it will likely come from comparing the relative temperatures between species, rather than their absolute values. Hence although the values of the temperatures depend strongly on the model of the hot star for a given value of σ χν , the number of distinct temperatures which make up the total neutrino spectrum is much less sensitive. In section V we use this fact to understand what can be learned in future detectors by determining the number of different temperatures in the overall spectrum.
IV. MEASURING THE SPECTRUM OF SUPERNOVA NEUTRINOS ON EARTH
In this section we outline how neutrinos from a supernova will be detected on Earth using either inversebeta decay capture of electron anti-neutrinos [2] in experiments such as Super-Kamiokande [19] or HyperKamiokande [20] or via coherent nuclear recoils in direct detection experiments [21] [22] [23] [24] . The former has the advantage of greater statistics, while the latter is insen-sitive to the mixing between neutrino flavours on their way to Earth and allows for all three temperatures to in principle be measured.
The expected spectrum of neutrinos φ(E) from a supernova takes the form of a pinched Fermi-Dirac distribution [25] (neglecting features from mixing effects [26, 27] 
where T i is the temperature of the particular neutrino species (of which there are a number N sp ), R i is the relative luminosity of species i compared to the total, η is the pinching parameter, which we assume to be zero in this work for simplicity, and F n is a Dirac integral, taking the form
Multiplying φ(E, η) by the total flux from a galactic supernova Φ 0 gives the flux spectrum on Earth. We estimate the total flux using the time-integrated supernova luminosity L 0 ∼ 10 53 ergs [2] , the average energy of each flavour E i and the distance to the supernova d 0 ∼ 10 kpc (i.e. close to the galactic centre). Hence the total integrated flux spectrum of neutrinos from a galactic supernova takes the form,
(9) Detectors such as Super-Kamiokande and HyperKamiokande [19, 20] will detect supernova neutrinos primarily via inverse-beta decay (i.e.ν e + p → n + e + ) due to the large cross section for this process [2, 9] . The events are identified by positrons whose energies E r are related simply to the neutrino energies E ν as E r = E ν − 1.29MeV. The differential detection rate is then the product of Φ(E ν , η) with the cross section for inverse beta decay. However the calculation is complicated by the fact that we only detectν e which will be made up of neutrinos which were in various different flavours at the point of production. Hence the spectrum of theν e at Earth should be composed of two distinct temperatures provided that σ χν is negligible and that the different antiflavours mix on their way to Earth. This also means that the temperature of the ν e flavour is not measurable with this detection method, and so there will only at most be two temperatures. Hence when we determine projected limits on σ χν we need to take account of the potentially uncertain values of the relative luminosities R i for the two remaining temperatures.
By contrast, the detection of neutral current scattering allows all of the neutrino temperatures to be detected regardless how how the neutrinos mix on their way to Earth. Direct detection experiments looking for dark matter could be sensitive to supernova neutrinos via this channel. In this case the neutrinos scatter coherently on nuclei with a differential cross section dσ/dE r [23, 24] leading to a differential scattering rate of nuclear recoil events taking the form,
where E ν,min = m N E r /2 is the minimum neutrino energy able to induce a recoil of energy E r for a nucleus of mass m N . In this case since the detection method is via neutral-current scattering all three temperatures can be detected and the relative luminosities R i are set at the point of production (ignoring possible new physics effects during transit). Shown in figure 3 are the expected spectra in both types of detector considered here, for different values of σ χν . As σ χν increases the spectra shift towards having a single temperature as opposed to being composed of multiple distinct temperatures. This is most obvious with knowledge of the whole spectrum, and so in order to discriminate between the different spectra we need to be able to observe both low and high energies events, and so a low threshold is crucial.
We are now in a position to derive projected exclusion limits on the dark sector interaction cross section with neutrinos σ χν , using the spectra calculated in this section. How strong these limits can be will be determined by how effectively we can discriminate the different constituent temperatures in the spectrum from the supernova, and the systematic uncertainties from the modelling of the star during the supernova event.
V. CONSTRAINING NEW PARTICLE INTERACTIONS WITH NEUTRINOS AFTER MODELLING UNCERTAINTIES
In this section we determine the projected sensitivity of future multi-tonne experiments to the scattering cross section between dark sector particles and neutrinos, produced thermally in a galactic supernova. Such interactions will alter the temperatures of the different neutrino flavours (see figure 2) , however exactly how this happens depends crucially on how well we know the dependence of the baryon density and temperature of the star during the supernova event. Hence our projections must incorporate this uncertainty in the choice of profile.
To do this we perform a Bayesian analysis, while parametrising the empirical model of the hot star with nuisance parameters, which we marginalise over. For such parameters we use k, q and T 0 from equations (4) and (5), which determine how steeply the temperature and baryon density fall off with radius. The posterior density, used to determine the exclusion sensitivity for a particular data-set d j , is
where L represents the likelihood function, which we assume to be of Poisson form to compare the expected spectrum for a given stellar profile and value of σ χν (e.g. figure 3) to simulated data. P are the prior distributions for the three nuisance parameters and the signal parameter σ χν . We then set a projected limit by generating a number of simulated data-sets N d given a particular detector mass and use the posterior summed over these data-sets P(σ χν ) =
We generate these data-sets by assuming a particular set of temperatures and relative luminosities for each flavour. Integrating P(σ χν ) from σ χν = 0 up to 90% of the total posterior probability then gives us our projected exclusion limits.
The choice of priors for the nuisance parameters represents how well these quantities, and thus the profile of the baryonic matter during neutrino (and χ) thermal production, are known. Since we are interested in understanding how well σ χν can be probed even if the stellar profile is poorly known we choose priors which cover a wide-range of q, k and T 0 . In principle however the profile uncertainty could be reduced using e.g. simulations of the supernova event [6, 14, 15] . Figure 4 shows projected limits for either detection via inverse-beta decay or coherent nuclear scattering (other detection methods have also been proposed e.g. ref. [25] ) assuming priors which equal a constant in the following ranges (and zero otherwise),
with r 0 and n 0 fixed at values of r 0 = 30 km and n 0 = 5.97 · 10 35 cm −3 . The choice of these priors is arbitrary, and we have intentionally chosen them to represent a large degree of uncertainty by spanning a wide range of possible stellar profiles, including the values of k, q and T 0 from model A and model B introduced earlier.
Greater knowledge of the profile of the star during neutrino production would reduce the range of these priors and so would likely strengthen our projected limits.
In order to determine these projected limits we have simulated datasets in detectors of various target masses. Since we do not know a priori what spectra they will observe, depending on the physics during the supernova and the mixing of the neutrino flavours, we have set limits under two different assumptions. For example in the left panel of figure 4 we set limits under the assumption that the spectrum ofν e from the supernova event is either made up of a single Fermi-Dirac spectrum of temperature 5 MeV or of two spectra with temperatures of 5 MeV and 8 MeV. For the former case we do not know whether χ-neutrino scattering has forced the temperatures of the different anti-neutrino flavours together, whether a different mechanism has brought the temperatures together, or whether the electron anti-neutrino flux is dominated by neutrinos which were produced in that same flavour at the supernova. Hence conservatively all one can do is set an upper limit on σ χν at the level where it would drive the temperature of the neutrinos to be smaller than 5 MeV, given uncertainties on the stellar profile.
However by comparison the projected limit on σ χν will be much stronger if a spectrum with a combination of temperatures is observed (see also figure 1), which is the more likely scenario if the neutrino flavours mix on their way to Earth. In this case as can be seen from the left panel of figure 4 the exclusion limit will be at the level of σ χν ∼ 10 −40 · (T /MeV) 2 cm 2 for Super Kamiokande [19] , assuming two temperatures at 5 MeV and 8 MeV with equal relative luminosities. This is partly due to it being easier to discriminate different spectra with information on multiple temperatures, given the large uncertainties in the profile of the baryons after the supernova event.
Essentially with enough statistics a spectrum with two temperatures can be easily distinguished from one with only one temperature, even if the uncertainties on the values of the temperatures themselves are significant. The limit which Hyper Kamiokande [20] should be able to set should be at least an order of magnitude stronger due to the larger number of events it will be able to observe.
We show in the right panel of figure 4 the projected limits for a xenon-based experiment which observes super- Projected 90% upper limits for the scattering between new particles χ, produced thermally during a supernova, and neutrinos. We show such limits for various detector target masses and two distinct detection mechanisms i.e. inverse beta decay and coherent nuclear scattering. For the former we consider limits in two different cases, depending on the spectrum observed from a future supernova. These limits have been obtained after marginalising over the uncertainty on the neutrino temperatures from the modelling of the star during the supernova event. The left plot assumes a low-energy threshold of 5 MeV for detection of positrons, while for the right plot we assume two different threshold energies E th for nuclear recoils.
nova neutrinos through coherent nuclear scattering with a combined spectrum of three temperatures at 8 MeV, 5 MeV and 3.5 MeV, similar to the result for Model A in figure 2. In this case there is no uncertainty from the mixing of the different neutrino flavours since the detection is via the neutral-current, however the smaller target masses of experiments which exploit this effect, mainly dark matter direct detection experiments, means that they are unlikely to build up enough statistics to compete with Super or Hyper Kamiokande. Nevertheless a xenon-based detector with a mass around 20 tonnes (e.g. Darwin [21, 22] ) should be able to set a limit on the dark sector scattering cross section with neutrinos provided the threshold for nuclear recoils can be lowered to around 0.1 keV. This may be possible if such detectors look only at ionisation signals, for which the threshold is generally lower, since discrimination between nuclear and electronic recoils will not be required for such a significant event burst. The key advantage of the direct detection experiments is their ability to measure all three potential temperatures, while relying on inverse beta decay capture ofν e allows only the temperatures of the anti-flavours to be measured. This is important as any effect within the supernova which could drive the temperatures together without new physics, for example that of ref. [13] , or an effect which suppresses the mixing of the neutrino flavours in transit to Earth would weaken our limits, especially in the case ofν e detection. Hence it is possible that the limit from coherent nuclear scattering is more robust to such effects, beyond the simplistic model of the star during the supernova event which we have used here. Indeed this motivates the construction of such detectors up to 100 tonnes or more in mass, as an effective way of detecting all flavours of supernova neutrinos with high precision.
VI. COMPARISON WITH OTHER LIMITS ON NEW MEV-MASS PARTICLES
We now consider such χ particles within a wider context by comparing our projected limits with other constraints. These particles should be only weakly coupled at most to visible matter to avoid having been already detected, however even so there are other methods of probing their interactions.
Indeed the temperature of the neutrinos is not the only method of using a supernova to constrain new particles, which interact only weakly with visible matter. For example the χ particle needs to have a mean free path for scattering which is shorter than the size of the hot star during the supernova event, to avoid excessively rapid cooling [28] i.e. a new particle produced thermally but which scatters less often with the stellar matter than neutrinos do could make the energy loss rate too rapid. Hence the χ particle likely needs interactions in addition to those with neutrinos in order to evade this cooling bound, and so our assumption of thermal equilibrium for χ is reasonable.
To study thermal equilibrium in more detail we follow a similar argument using equation (1) . Broadly speaking if D is small then n is close to n eq and so the particles are in thermal equilibrium (or close to it). In this case a small value of D means that the χ particles scatter frequently with the stellar matter. Indeed assuming that χ maintains its equilibrium through interactions with the baryonic matter of the star we can make use of the mean free path for scattering L χB to estimate the required scattering cross section. We need that L χB L SN , where L SN is the linear size of the hot star. Assuming that L χB ∼ (n B σ χB ) −1 , where σ χB is the scattering cross section between baryonic matter and χ we have that n B σ χB L SN 1. The value of n B depends on the model for the hot star i.e. equations (4) and (5) and the temperature. If we assume that we need the χ to be in thermal equilibrium at temperatures above 1 MeV then using parameters from Model A we have that n B ∼ 5 · 10 33 cm −3 . Hence if L SN ∼ 10 km we have the approximate requirement that σ χB 10 −38 cm 2 for thermal equilibrium of the χ particles down to temperatures of 1 MeV. However this bound could be several orders of magnitude higher for more extreme models of the hot star during neutrino thermal production.
Equation (1) also tells us that the self-annihilation cross section of χ should be non-zero for thermal equilibrium to be established, though this depends partly on whether χ can decay. Assuming that χ has a lifetime much longer than the time-period for thermal production then the larger the value of D the larger the selfannihilation cross section σv needs to be for n to be equal (or close) to n eq . Solving equation (1) numerically for the number density n of the χ particles with σ χB = 10 −38 cm 2 confirms that χ are in thermal equilibrium down to temperatures of around 1 MeV for a self-annihilation cross section σv ∼ 10 −26 cm 3 s −1 , which is the scale required for χ to be the dark matter of the Universe. Values of σv larger than this are also allowed for thermal equilibrium, however in this case the relic density of χ will be too small for it to be dark matter.
Bounds also exist on the temperature of ν µ and ν τ produced in supernovae from the abundances of light elements [29] . This constraint is complimentary to the one studied in this work and could in principle be used to constrain σ χν . As mentioned previously thermally produced new states will disrupt nucleosynthesis unless their mass is above ∼ 10 MeV [18] and there are bounds from the number of relativistic degrees of freedom in the early Universe [28] . There also exist constraints on the scattering of χ with neutrinos from the damping of structure in the Universe [16, 30] , though this only applies if χ forms the dominant component of dark matter (set by the size of σv).
In figure 5 we show our projected limit for an experiment with a mass of 100 kilo-tonnes detectingν e via inverse beta decay for a range of χ masses above the bound from nucleosynthesis [18] . Our projected limit is stronger than that from the damping of structure in the Universe [16, 30] for masses up to around 100 MeV, above which the density of χ in the hot star becomes too small due to Boltzmann suppression to lead to any significant scattering with neutrinos, unless σ χν is very large. 
]
Upper limit from structure formation if χ is dark matter Projected limit for a 100 kilo-tonne IBD experiment FIG. 5 . Comparison of our projected upper limit on σχν at 90% confidence for a 100 kilo-tonne experiment looking for neutrinos through inverse beta decay (IBD) capture, with the upper limit from requiring that dark matter scattering with neutrinos does not destroy small-scale structure in the Universe [16, 30] . The latter only applies if χ forms the dominant component of the dark matter.
VII. CONCLUSION
If a supernova event were to occur in our own galaxy then a large number of neutrino events should be detected on Earth in the space of a few seconds. The majority of the neutrinos are produced thermally with a temperature depending on their flavour: electron neutrinos scatter the most with baryonic matter and so have the smallest temperature, while electron anti-neutrinos are slightly hotter and the other heavy flavours hotter still [2, 5, 6] .
In this work we have considered the prospect of additional MeV-mass 'dark' particles χ being produced thermally during the supernova, which scatter with neutrinos [5, 10] . We have focused on the effect these new states would have on the temperatures of the different neutrino flavours due to scattering, with cross section σ χν . This leads to an extra term in the diffusion coefficient D i.e. equation (6) , which alters the hierarchy of the temperatures for each flavour, as shown in figure 2. However quantifying this effect is made difficult by the uncertainty in the modelling of the density and temperature of the star during thermal production.
Our main emphasis has been on predicting the ability of current and future experiments to be able to measure the neutrino spectrum with enough precision to place constraints on σ χν . We show some example spectra in figure 3 . Since the temperatures of the different neutrino flavours depend sensitively on the model for the star during thermal production of neutrinos (and potentially χ also), we have performed a Bayesian analysis where we marginalise over the parameters of a simple analytic stellar model (equations (4) and (5)). We have considered experiments looking at coherent nuclear scattering, such as direct detection experiments, and those looking forν e via inverse beta decay capture, such as Super and Hyper Kamiokande [19, 20] .
As can be seen in figure 4 , we have found that Super Kamiokande could place an upper limit at the level of σ χν ∼ 10 −40 · (T /MeV) 2 cm 2 for 10 MeV mass χ particles and Hyper Kamiokande could be able to set a limit an order of magnitude stronger still. Furthermore as shown in figure 5 our projected limits are potentially the strongest constraint on χ scattering with neutrinos up to a mass around 100 MeV. However these projections are essentially the 'best case scenario' in the sense that we assume there are no additional effects on top of our simplified model for the star during neutrino production which could bring the temperatures ofν e andν µ/τ closer together [13, 26, 27] . Such effects could weaken these limits considerably.
Indeed our analysis was performed using a simple empirical parametrisation to model the star during neutrino production, in order to understand how the uncertainties in this model impact our ability to constrain σ χν . It is likely that there are further effects which will alter the expected temperatures of the neutrino species [6, 12-15, 26, 27 ]. However we expect that the value of σ χν where the temperatures of the different flavours become equal will remain fairly robust to additional modelling uncertainties.
For detectors looking at coherent nuclear scattering the limits should in principle be more robust to such effects, since they will be able to measure all neutrino flavours through neutral-current scattering. However experiments which exploit this channel, for example dark matter direct detection experiments [21] [22] [23] [24] , are generally much less massive than Super Kamiokande and so can not exploit as many statistics to measure the neutrino spectrum. This motivates construction of an 100 tonne mass liquid-xenon experiment or similar as potentially the ultimate neutral-current supernova detector, with regards to effects from χ-ν scattering.
